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Wehaverecentlysuggestedthatnumerosityisaprimarysensoryattribute,showingthat
itisstronglysusceptibletoadaptation.HereweusetheMethodofSingleStimuli(MSS)to
showthatobserverscanextractarunningaverageofthenumerosityofasuccessionof
stimuliandholditinmindforuseasastandardofcomparisonforsubsequentstimuli.
Accuracyandprecisionofjudgementsarehighandnotreducedbypotentiallymisleading
variablesliketexturedensityordisplayarea.
OurstimulicomprisedNdots,halfwhiteandhalfblack(seeFig1)spreaduniformlyoveran
areaA,withtexturedensityDdefinedas AND  .Inthreeseparateconditionsoneof
threeparameters,area,densityornumerosity,waskeptconstant,andtheothertwovaried
overa0.4logunitrangecentredaround50dots,1dot/deg2or50deg2.Ourthree
conditionswerepresentedeitherblocked(whereoneparameterwasconstantwithina
block)orintermixed,makingsixconditionsinall.
Fig.2Ashowspsychometricfunctionsforoneobserver’sjudgementsofnumerosity,and
Fig.2Bofdensity,forthesixconditionsoftheexperiment.Figs.2C&Dshowaverage
thresholdsforthreeobservers.Severalfactsareobviousoninspectionofthedata.Firstly,
allthethresholdsarerelativelylow,equivalenttoWeberfractionsunder20%,wellwithin
therangeobtainedusingothertechniquesthatemployexplicitstandards1,implyingthat
observersarecapableofkeepingrunningaveragesofbothnumerosityanddensity.
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Secondly,numerosityjudgementsareaspreciseasdensityjudgements(p=0.40,bootstrap
signttestforallconstantareajudgments).Thirdly,numerosityjudgmentswithconstant
densitywereactuallymoreprecisethanthoseforconstantarea(p=0.007,bootstrapttest),
unlikelyifnumerosityjudgementsdependedondensity.Fourthly,thethresholdsinthe
intermingledcondition,wherenumerosityvariedunpredictablywithdensity,wereas
preciseastheblockedthresholds(p=0.40,bootstrapttestformixedversusblocked
numerosity,excludingconstantnumerositytrials).Andfifthly,numerosityjudgementsinthe
constantnumerosityconditionshowednotendencyatalltofollowdensity,eveninthe
intermingledconditionwhereconstantnumerositytrialswereimpossibletoidentify
(althoughtherewasaslighttendencyfordensityjudgmentstofollownumerosity).
MSSrequiressubjectstokeeparunningaverageofpreviouspresentations2.Thatobservers
canworksoeasilywithMSSimpliesthatvisioncannotonlysensenumerositydirectly,
independentlyofareaanddensity,butcanalsorememberitandcomputearunning
average.Wepresumethisisdoneanalogically,withouttheuseofsymbolsormultiplication,
possiblybyaccumulatingtheresidueofnoisyrepresentationsofstimulusmagnitudesalong
asensorycontinuum.Visionmayalsobecapableofcomputingotherimagestatistics,
includingvariance3andothers,likekurtosis,basedonevenhigherthansecondorder
moments4orhigherorderimagestatistics5.Giventhefeatsofcalculationnecessaryfor
seeminglyeffortlesstasks,likesizeconstancy,ortheextrapolationoftrajectories,itshould
notbesurprisingthatthevisualsystemcansensenumberandcomputeaverages.
Werecentlyclaimedthatvisionsensesnumerositydirectly,presentingittoconsciousness
asavisualqualitylikeshapeorcolour,enablingroughestimatesofnumbertobemade
directly,withouttheinterventionofcountingorothercognitivemechanisms6.Inthatstudy
weshowedthat,likeothervisualattributes,attributesnumerosityisstronglysusceptibleto
adaptation.Theresultswereportherestrengthenthecasethatitisanindependentsensory
attribute,notderivedfromothersliketexturedensity,thatarealsosusceptibleto
adaptation79.

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Figure1
Exampleofthestimuliusedinthisexperiment.StimulicomprisedNdots(average50)of14
arcmindiameter,halfwhitehalfblack,confinedtoavirtualcircleofAdeg2(10cmdiameter
fortheaverageareaof50deg2,viewedfrom71cm).Meanluminancewas20cd/m2and
contrast95%.Forthevariousconditions,eitherarea,densityornumerositywerekept
constantattheiraverage,whiletheothertwoparametersvariedovera0.4logunitrange
aroundtheregeometricmean.Notethattheperimetryofthedotsdoesnotformaprecise
circleofconstantradius,thatcouldbereadilyusedtojudgearea.

Figure2
Resultsofthemethodofsinglestimuli.A.PsychometricfunctionsfornaïveobserverEJDthe
numerositytask,showingtheproportionoftrialsjudgedtobemorenumerousthanaverage
ofwhathasprecededthem(thefirst15responsesinanysessionareignored).Resultsare
plottedasafunctionofdotnumber(forconstantareaandconstantdensityconditions)
and/orarea(forconstantnumberandconstantdensityconditions).Blacksymbolsreferto
constantarea,redtoconstantdensity,bluetoconstantnumerosity.Opensymbolsshow
blockedtrials,filledintermingledconditions.ThecurvesarebestfittingcumulativeGaussian
curvesconstrainedtoasymptoteat0and1.B.SameasA,excepttheobserverwasaskedto
judgeapparentdensity.C&D.Meanthresholdsof3observersforthenumerosity(C)and
densityjudgments(D)forthreeobservers,normalisedbytheirmean(toyield‘Weber
fractions’).Forwardslopinghatching(atleft)referstointermingledconditions,backsloping
toblocked.Numerositythresholdsforconstantnumerosityanddensitythresholdsfor
constantdensityarenotshown,becausetheGaussianfitwasalwaysunacceptable(worse
thanfittingthedatawiththeirmean).Standarderrorsareobtainedbybootstrap,
calculatingthresholdsseparatelyforallobserversbeforeaveraging.Allconditionscontain
morethan100datapointsperobserver.
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